Previous research has shown that cAMP response element (CRE) binding protein (CREB) in the nucleus accumbens gates behavioral responses to emotional stimuli. For example, overexpression of CREB decreases anxiety, sucrose preference, and sensitivity to drugs of abuse and increases depression-like behavior, whereas blocking CREB via overexpression of inducible cAMP early repressor (ICER) or other dominant-negative inhibitors of CRE-mediated transcription has the opposite effects. However, CREB and ICER are but two members of a larger family of leucine zipper-containing transcription factors composed of multiple products of the creb, crem (cAMP response element modulator), and atf (activating transcription factor) genes. We demonstrate here that ATF2, ATF3, and ATF4 are each robustly induced in the nucleus accumbens and dorsal striatum by restraint stress or by amphetamine administration. In contrast, little induction is seen for ATF1 or CREM. Using viral-mediated gene transfer, we show that ATF2 overexpression in nucleus accumbens produces increases in emotional reactivity and antidepressant-like responses, a behavioral phenotype similar to that caused by dominant-negative antagonists of CREB. In contrast, ATF3 or ATF4 overexpression in nucleus accumbens decreases emotional reactivity and increases depression-like behavior, consistent with the behavioral phenotype induced by CREB. Because amphetamine and stress induce ATF2, ATF3, and ATF4 in nucleus accumbens, and overexpression of these transcription factors in this brain region in turn alters behavioral responsiveness to amphetamine and stress, our findings support novel roles for these ATF family members in regulating emotional behavior.
Introduction
Increasing evidence supports a role for the transcription factor cAMP response element (CRE) binding protein (CREB), acting in the nucleus accumbens (a major reward region of brain), to regulate behavioral responses to emotional stimuli. Overexpression of CREB, via viral-mediated gene transfer or in inducible bitransgenic mice, decreases emotional reactivity as evidenced by decreased anxiety-like behavior, decreased responses to drugs of abuse and natural rewards, and increased depression-like behavior. In contrast, overexpression of inducible cAMP early repressor (ICER), a naturally occurring dominant-negative antagonist of CREB, or synthetic dominant-negative CREB mutants (e.g., mCREB), exert the opposite effects (Carlezon et al., 1998; Barrot et al., 2002; Newton et al., 2002; Sakai et al., 2002; Green et al., 2006; Pittenger et al., 2006) . Studies of mice deficient in the two major isoforms of CREB generally support these conclusions (Walters and Blendy, 2001; Walters et al., 2003; Blendy, 2006) .
However, CREB and ICER are just two members of a much larger family of structurally and functionally related transcription factors, which also include isoforms of cAMP response element modulator (CREM) and several activating transcription factors (ATFs). These CREB/ATF family proteins are categorized as basic region-and leucine zipper-containing (bZIP) transcription factors, which can homodimerize or heterodimerize to regulate gene transcription. Although CREB, CREM, and ATF1 are relatively well characterized and known to regulate gene transcription via binding to CRE sites, ATF2, ATF3, and ATF4 are structurally more distant, and their functional properties, particularly in brain, remain poorly understood. Rather than being activated by the cAMP cascade, ATF2 is activated by c-Jun N-terminal kinase (JNK) and can dimerize with members of the activator protein-1 (AP-1) family such as c-Jun to bind CRE or AP-1 sites (Hai and Curran, 1991; De Cesare et al., 1995) . Additionally, ATF2 homodimers and ATF2/c-Jun heterodimers can bind certain CRElike sites that are insensitive to CREB (Benbrook and Jones, 1994) . ATF3 and ATF4 also dimerize with various Jun species and can shift c-Jun DNA binding site preferences from AP-1 to CRE, thereby promoting cross talk among AP-1 and CREB families of proteins (Hai and Curran, 1991) . ATF2, ATF3, and ATF4 are often studied as cellular stress response proteins (Hai et al., 1999; Wek et al., 2006) , but recent evidence suggests that these transcription factors may be involved in nonstress adaptations. This has prompted reclassification of these proteins as more general "adaptive response" transcription factors (Cho et al., 2001; Lu et al., 2007) . There is one report of alterations in ATF2 levels in frontal cortex after chronic administration of antidepressants (Laifenfeld et al., 2004) . However, virtually nothing is known about the function of these transcription factors in the nucleus accumbens or in response to drugs of abuse or behavioral stress. We therefore set out to study the regulation of ATF2, ATF3, and ATF4 in this brain region after amphetamine treatment or restraint stress and characterized the influence of overexpression of these proteins in the nucleus accumbens on complex emotional behavior.
Materials and Methods
Animals. Male Sprague Dawley rats (Harlan, Houston, TX), 250 -350 g, were used for all experiments. Rats were pair-housed in an Association for Assessment and Accreditation of Laboratory Animal Care-approved colony, and all experiments conformed to the NIH Guide for the Use and Care of Laboratory Animals and the University of Texas Southwestern Institutional Animal Care and Use Committee. Rats were housed on a 12 h light/dark cycle with lights on at 7:00 A.M. All procedures were conducted during the light phase of the cycle.
Statistical analyses. All data were analyzed using ANOVA methods. Where appropriate, planned comparisons or Bonferroni's post hoc procedures were used. All statistical p values are for a two-tailed test unless noted.
Quantification of mRNA. Rats were killed by rapid decapitation, nucleus accumbens and dorsal striatum were dissected, and mRNA was isolated using the RNA Stat-60 reagent (Teltest, Houston, TX) according to manufacturer directions. Contaminating DNA was removed with DNase treatment (DNA-Free, catalog #1906; Ambion, Austin, TX). Purified RNA was reverse-transcribed into cDNA (Superscript First Strand Synthesis; catalog #12371-019; Invitrogen). ATF2, ATF3, and ATF4 transcripts were quantified using real-time PCR (SYBR Green; Applied Biosystems, Foster City, CA) on a Stratagene (La Jolla, CA) Mx5000p 96-well thermocycler. Primers for rat ATF2 (forward: CCTCTTGCAACAC-CCATCA; reverse: TTTGTGCCAATGGTATTTCCT), ATF3 (forward: GCCATCCAGAACAAGCACC; reverse: CACTTGGCAGCAGCAAT-TT), and ATF4 (forward: CCTTCGACCAGTCGGGTTTG; reverse: CT-GTCCCGGAAAAGGCATCC) were validated for linearity and specificity before experiments. All PCR data were normalized to glyceraldehyde-3-phosphate dehydrogenase levels, which were not altered by stress or amphetamine treatments.
Amphetamine treatment. D-Amphetamine sulfate (Sigma, Dallas, TX) was administered at a dose of 4 mg/kg (i.p.). Rats received 7 daily injections of saline or amphetamine. Thus, for example, "acute" amphetamine animals received six daily injections of saline, followed by an amphetamine injection on day 7, whereas "7 d" amphetamine animals received seven daily amphetamine injections. Animals were analyzed at varying times after the last injection.
Restraint stress. Rats were placed in a plastic conical sleeve (DecapiCone; model DC200; Braintree Scientific, Braintree, MA) for up to 60 min. Rats were removed from the cone and placed back into their home cage for time points exceeding 60 min.
Construction of viral vectors. Dr. Tsonwin Hai (Ohio State University) generously provided the ATF3 cDNA. ATF2 and ATF4 were amplified from cDNA generated from rat brain mRNA and inserted into the monocistronic herpes simplex virus (HSV) PrPUC amplicon (Neve and Geller, 1995) or a newer bicistronic HSV amplicon coexpressing green fluorescent protein (GFP) from a cytomegalovirus promoter in a second transcriptional unit (Clark et al., 2002) . The viral IE4/5 promoter drove HSVmediated ATF2, ATF3, or ATF4 transcription in both vectors. All amplicons were packaged using previously described methods (Neve and Geller, 1995) . A ␤-galactosidase (LacZ) or enhanced GFP (eGFP) viral vector was used as a control.
Stereotaxic surgery. HSV vectors were injected bilaterally (1 l/side in 10 min) into the nucleus accumbens shell using coordinates from Paxinos and Watson (1997) (anteroposterior, 1.7; lateral, 2.4; dorsal, Ϫ6.7 mm from bregma; 10°lateral angle) according to published procedures (Green et al., 2006) . Behavioral measures were taken 48 -96 h after surgery when HSV-mediated expression is maximal (Barrot et al., 2002) . Accuracy of all stereotaxic injections was determined after the behavioral experiments, and animals with injection sites outside the nucleus accumbens shell (Ͻ5% of all animals studied) were not used for analysis. Some rats were subjected to multiple behavioral experiments within the 48 -96 h time window according to a standard algorithm where anxiety and appetitive tests preceded stress or drug tests. Stress and amphetamine were not examined in the same animals.
Validation of virus. Bicistronic HSV vectors were injected into rat striatum according to previous methods (Carlezon et al., 1998; Green et al., 2006) . Rats were perfused with 4% paraformaldehyde 24 h later. Brains were postfixed overnight and cryoprotected with 20% glycerol. Brains were sliced at 35 m for immunohistochemistry. A double fluorescent immunohistochemistry procedure was used to detect GFP and the overexpressed ATF target protein. The primary GFP antibody was from chicken (catalog #GFP1020; 1:8000 dilution; Aves Labs, Tigard OR), and the primary ATF2, ATF3, and ATF4 antibodies were from rabbit (s.c.-187, s.c.-188, and s.c.-200; 1:1000; Santa Cruz Biotechnology, Santa Cruz, CA). Secondary CY2-conjugated donkey anti-chicken and CY3-conjugated donkey anti-rabbit were used at a 1:200 concentration. PC12 cells were infected with HSVs, and Western blots were used to verify size of the expressed protein.
Locomotor activity. Activity was measured in a circular corridor (10 cm wide, 60 cm in diameter, and 30 cm high; Med-Associates, St. Albans, VT) via four photoelectric cells located every 90°along the circle as described previously (Rahman et al., 2003) . For amphetaminestimulated locomotor activity, rats were given two habituation sessions (60 min each day, beginning 48 h after surgery) before testing. On the amphetamine challenge day (day 4 after surgery), rats were placed in corridors for 60 min before being injected with 4 mg/kg (i.p.) amphetamine hemi-sulfate. Locomotor activity was assessed for an additional 120 min.
Sucrose preference and neophobia. Published procedures were used (Green et al., 2006) . For sucrose preference, water was removed, and rats were pre-exposed to a 1% (w/v) sucrose solution for 3 d ending at least 48 h before surgery. For testing, rats were first isolated at 5:00 P.M. with food but no water. When the lights went out at 7:00 P.M., preweighed water and 1% sucrose bottles were placed on the home cage, and rats were allowed to drink for 10 min. For sucrose neophobia, rats were not preexposed to sucrose before surgery, and the duration of the test session was 30 min.
Forced swim test. The forced swim test was performed according to published procedures (Eisch et al., 2003) . Rats were placed in 24°water in tubs (60 cm tall filled to 45 cm) for 15 min for the initial session and 5 min for the test session. The latency to immobility is defined as no struggling for a full 1 s and has been validated as an antidepressant-sensitive measure (Pliakas et al., 2001; Eisch et al., 2003) .
Elevated plus maze. Anxiety-like behavior in the elevated plus maze was measured according to published procedures (Barrot et al., 2002) . The arms of the elevated plus maze measured 12 ϫ 50 cm, and the maze was 1 m from the floor. Time on open arms was measured for 5 min (expressed as a percentage of total time). Behavior was scored using an automated video-tracking system (Noldus Ethovision; Noldus Information Technology, Sterling, VA). For ATF2, the test was performed under low-light conditions. After finding no significant differences using the ATF3 and ATF4 vectors under these conditions, a different group of animals was tested under bright-light conditions, optimized for detecting anxiolytic-like effects.
Results
Effect of amphetamine on ATF2, ATF3, and ATF4 expression As a first step in our study, we examined whether amphetamine induces ATF mRNA expression in whole striatum, including nucleus accumbens. We chose amphetamine (4 mg/kg), because it has been shown previously to dramatically induce CRE-mediated transcription within this brain region (Shaw-Lutchman et al., 2003) , along with increasing levels of phosphoCREB (Konradi et al., 1994) and ICER mRNA (Green et al., 2006) . ATF2, ATF3, and ATF4 mRNA levels were measured by real-time PCR. A twofactor ANOVA (time ϫ drug) of ATF2, ATF3, and ATF4 data produced a main effect of time, a main effect of drug, and a significant interaction between the two: ATF2, time, F (2,61) ϭ 22.9, p Ͻ 0.001, and interaction, F (10,61) ϭ 2.6, p Ͻ 0.05. Acute amphetamine administration increased expression of ATF2 (Fig. 1a) and ATF3 (Fig. 1b) , but not ATF4 (Fig. 1c) , in the whole striatum. A subsequent experiment investigated 8 mg/kg amphetamine and still found no significant induction of ATF4 (F (1,8) ϭ 2.7; p ϭ 0.15). However, repeated amphetamine administration significantly increased mRNA levels for all three ATFs: ATF2 (Fig. 1a) , ATF3 (Fig. 1b) , and ATF4 (Fig. 1c) . In contrast to these ATFs, we found no significant changes in levels of ATF1 or CREM (a major product of the crem gene) expression in response to acute or repeated amphetamine exposures (data not shown).
The three ATF mRNAs showed different time courses of induction in response to amphetamine treatment. At 1 h postinjection, amphetamine increased expression of ATF3 mRNA (F (4,18) ϭ 3.42; p Ͻ 0.05) (Fig. 1e) but not ATF2 mRNA (F (4,20) ϭ 0.797; n.s.) (Fig. 1d) or ATF4 mRNA (F (4,19) ϭ 0.695; n.s.) (Fig.  1f ) . At the 3 h time point, amphetamine induced expression of ATF3 mRNA (F (4,19) ϭ 4.39; p Ͻ 0.05) (Fig. 1h) but not ATF2 or ATF4 mRNA (F (4,19) ϭ 0.984; n.s.) (Fig.  1g,i) . The three ATF mRNAs also showed different responses to repeated amphetamine treatment. Although induction of ATF3 expression waned with repeated amphetamine exposure (Fig. 1b,e,h) , the induction of both ATF2 (Fig. 1a,g ) and ATF4 (Fig. 1c) expression increased with chronic exposure to the drug.
To provide greater information regarding the regional pattern of ATF induction by amphetamine, similar experiments examined the effects of amphetamine at key time points on ATF mRNA expression levels within the nucleus accumbens specifically. Results of these experiments were analogous to those with whole striatum and documented the ability of chronic, but not acute, amphetamine to induce expression of ATF2 at the 3 h time point (F (1,12) ϭ 4.7; p Ͻ 0.05), and the greater ability of acute versus chronic amphetamine to induce ATF3 expression at the 1 h time point (F (1,8) ϭ 9.1; p Ͻ 0.05) in this brain region (Table 1) . Interestingly, however, ATF4 was induced in the nucleus accumbens by both acute and chronic amphetamine at the 3 h time point (F (1,12) ϭ 4.3; p Ͻ 0.05), whereas acute amphetamine had no effect in whole striatum.
Effect of stress on ATF2, ATF3, and ATF4 expression
To study the effect of aversive environmental stimuli on ATF expression in nucleus accumbens and dorsal striatum, we subjected rats to acute restraint stress and analyzed the animals after varying times of stress. This stress treatment has been shown to alter levels of CRE activity, phosphoCREB, and ICER mRNA levels in these brain regions (Pliakas et al., 2001; Barrot et al., 2002; Green et al., 2006) . ANOVAs of these time course data showed that acute restraint stress produced a transient decrease in levels of ATF2 mRNA in whole striatum followed by a small increase at longer time points (F (5,23) ϭ 9.39; p Ͻ 0.001) (Fig. 2a) . In contrast, acute restraint stress caused a dramatic (ϳ20-fold) increase in ATF3 mRNA levels, which peaked after 30 min of stress (F (5,23) ϭ 30.93; p Ͻ 0.001) (Fig. 2b) . Acute restraint stress did not significantly alter levels of ATF4 mRNA in this brain region (Fig. 2c) . The increase in ATF2 mRNA with repeated stress also did not reach statistical significance (Fig. 2d) . However, repeated stress significantly induced ATF4 mRNA (F (4,18) ϭ 5.82; p Ͻ 0.01), and the induction of ATF3 waned with repeated stress (F (4,18) ϭ 33.92; p Ͻ 0.001) (Fig. 2e) , similar to the shifting patterns seen for both ATFs after chronic amphetamine.
Validation of HSV vectors
To study the functional role played by ATF2, ATF3, and ATF4 in nucleus accumbens in responses to amphetamine and stress, we engineered HSV vectors to overexpress each of these proteins. Examples of the validation of these new dual-cistronic vectors is shown in Fig. 3 . Immunohistochemistry demonstrates coexpression of the GFP reporter protein (Fig. 3a) along with ATF3 (Fig. 3b) . Coexpression of GFP and target protein was Ͼ95% for each of the vectors. Additionally, overexpressed protein from PC12 lysates was analyzed via Western blot to verify size of the expressed protein (data not shown). As seen with other HSV vectors (Carlezon et al., 1998; Barrot et al., 2002; Green et al., 2006) , transgene expression was maximal 2-4 d after virus injection and was not associated with toxicity in excess of that seen after vehicle injections alone (data not shown). Additionally, none of the viruses had an effect on body weight (ATF2, F (1,16) ϭ 0.38, p ϭ 0.55; ATF3, F (1,16) ϭ 0.07, p ϭ 0.79; ATF4, F (1,16) ϭ 0.013; p ϭ 0.91).
Effect of ATF2, ATF3, or ATF4 overexpression on locomotor activity
Using viral-mediated gene transfer in the shell of the nucleus accumbens, we found that ATF2 overexpression increased sensitivity to amphetamine-stimulated locomotor activity (F (1,11) ϭ 3.25; p Ͻ 0.05, one tailed test based on the established effects of ICER on locomotor activity) (Green et al., 2006) (Fig. 4d) . In contrast, ATF3 overexpression produced a robust decrease in amphetamine-stimulated locomotor activity (F (1,14) ϭ 15.18; p Ͻ 0.005) (Fig. 4e ). ATF2 and ATF3 had no effect on spontaneous locomotor activity (ATF2, F (1,14) ϭ 0.93, p ϭ 0.35; ATF3, F (1,14) ϭ 0.01, p ϭ 0.92); however, ATF4 slightly increased spontaneous activity compared with control but only during the first habituation session (F (1,14) ϭ 5.4; p Ͻ 0.05). None of the ATFs affected locomotor activity after saline injection [ATF2, F (1,14) ϭ 0.54, p ϭ 0.47; ATF3, F (1,14) ϭ 1.9, p ϭ 0.19; ATF4, F (1,14) ϭ 0.04, p ϭ 0.85 (Fig. 4a-c,  respectively) ].
Effect of ATF2, ATF3, or ATF4 overexpression on anxiety-related behavior
To further understand the functional relevance of ATF2, ATF3, and ATF4 in the nucleus accumbens, rats overexpressing each of these transcription factors, by use of HSV vectors, were tested in the elevated plus maze. Overexpression of ATF2 caused an increase in anxiety-like behavior: decreased time spent on the open arm during the low-light condition (F (1,12) ϭ 5.32; p Ͻ 0.05) (Fig. 5a ). In contrast, overexpression of ATF3 (F (1,10) ϭ 5.42; p Ͻ 0.05) (Fig. 5b) or ATF4 (F (1,10) ϭ 5.55; p Ͻ 0.05) (Fig. 5c ) caused an anxiolytic-like response: increased time on the open arm only under anxiogenic conditions. Neither ATF2 nor ATF4 altered total distance moved on the elevated plus maze [ATF2, F (1,12) ϭ 0.01, p ϭ 0.91 (Fig. 5d); ATF4, F (1,10) ϭ 0.33, p ϭ 0.58 ( Fig. 5f )] ; however, ATF3 expression decreased total distance on the elevated plus maze (F (1,10) ϭ 7.3; p Ͻ 0.05) (Fig. 5e ).
To further investigate anxiety-like behavior, rats were tested for sucrose neophobia. Consistent with the elevated plus maze data, ATF3 (F (1,15) ϭ 5.57; p Ͻ 0.05) (Fig. 5h) and ATF4 (F (1,14) ϭ 7.38; p Ͻ 0.05) (Fig. 5i) increased sucrose consumption, whereas ATF2 had no effect (Fig. 5g) .
Effect of ATF2, ATF3, or ATF4 overexpression on depression-related behavior
The forced swim test is one of the most widely used assays for depression-and antidepressant-like behavior (Cryan et al., 2005) . HSV-mediated overexpression of ATF2 produced an antidepressant effect in the forced swim test by increasing latency to immobility (F (1,12) ϭ 5.62; p Ͻ 0.05) (Fig. 6a ) and decreasing total duration of immobility (F (1,12) ϭ 15.28; p Ͻ 0.01) (Fig.  6d) . In contrast, the opposite results were observed with overexpression of ATF3 (F (1,14) ϭ 8.58; p Ͻ 0.05) (Fig. 6b) or ATF4 (F (1,14) ϭ 10.13; p Ͻ 0.01) (Fig. 6c) , consistent with an increase in depression-like behavior with these two transcription factors. ATF3 and ATF4 also increased total duration of immobility [ATF3, F (1,14) ϭ 10.1, p Ͻ 0.01 (Fig. 6e) ; ATF4, F (1,14) ϭ 14.29, p Ͻ 0.01 (Fig. 6f ) ]. One hallmark of depression is reduced sensitivity to rewarding stimuli. Accordingly, we tested preference for sucrose, a natural reward, in animals with sucrose-drinking experience to avoid neophobic responses (Fig. 6g-i) . HSVmediated overexpression of each of the ATFs caused distinctive responses. ATF2 overexpression significantly decreased water intake (F (1,16) ϭ 4.78; p Ͻ 0.05) (Fig. 6g) and increased sucrose intake (F (1,16) ϭ 4.85; p Ͻ 0.05). ATF3 overexpression increased water consumption but not sucrose drinking (F (1,13) ϭ 2.99; p ϭ 0.11) (Fig. 6h) . ATF4 overexpression decreased sucrose consumption with no change in water intake (F (1,12) ϭ 4.66; p Ͻ 0.05) (Fig. 6i) .
Discussion
Results of the present study provide novel evidence that ATF2, ATF3, and ATF4 in the nucleus accumbens function to regulate an individual's responses to emotional stimuli. We show that the mRNAs for each of these transcription factors are induced by amphetamine and by restraint stress in striatum, and that increased expression of these proteins specifically in the nucleus accumbens (part of the ventral striatum), achieved via viralmediated gene transfer, alters behavioral responses to amphetamine and stress. The three ATFs exhibit distinct patterns of induction by amphetamine and stress. Although ATF2 and ATF4 induction increases with repeated drug and stress exposures, ATF3 induction resembles that of several immediate early genes, such as c-Fos, with rapid, transient induction seen with acute amphetamine and stress and diminishing induction seen with repeated exposure. In contrast to ATF2-4, we failed to observe amphetamine or stress regulation of ATF1 or CREM expression in this brain region.
Our behavioral experiments offer strong evidence that ATF2, ATF3, and ATF4 each modulate complex behavior when induced in the nucleus accumbens. The results show that viral-mediated overexpression of ATF2 in this brain region increases behavioral responsiveness to salient environmental stimuli, an effect similar to that seen with overexpression in the nucleus accumbens of either ICER or mCREB, both dominant-negative antagonists of CREB (Carlezon et al., 1998; Barrot et al., 2002; Newton et al., 2002; Green et al., 2006) . The ATF2 phenotype is, therefore, equivalent to that seen after inhibition of CREB activity. ATF2 increased locomotor responses to amphetamine administration compared with rats expressing only GFP as a control. Additionally, ATF2 increased anxiety-like behavior, based on decreased time spent on the open arm of an elevated plus maze and on increased neophobia to a novel sucrose taste. ATF2 expression also decreased depression-like behavior (that is, it decreased immobility) in the forced swim test and increased consumption of a familiar sucrose solution.
In contrast, viral-mediated overexpression of ATF3 or of ATF4 produced opposite behavioral responses, compared with ATF2, in each of these experimental paradigms. The behavioral phenotype induced by these transcription factors, therefore, is equivalent to that seen with CREB (Carlezon et al., 1998; Barrot et al., 2002) . ATF3 and ATF4 each decreased amphetaminestimulated locomotor activity, decreased measures of anxiety-like behavior in the elevated plus maze and sucrose neophobia tests, and increased measurements of depression-like behavior, based on increased immobility in the forced swim test and reduced preference for a familiar sucrose solution. When combined with previous findings from our laboratory (Carlezon et al., 1998; Pliakas et al., 2001; Barrot et al., 2002; Sakai et al., 2002; Green et al., 2006) , these data show that induction of CREB/ATF family transcription factors in the nucleus accumbens produces one of two highly consistent behavioral phenotypes (Table 2) : decreased responsiveness to emotional stimuli (CREB, ATF3, and ATF4) or, the opposite, increased emotional reactivity (ICER and ATF2).
It is interesting to note that regulation of ATF proteins causes opposite modulation of anxiety-and depression-related behavior in rats, whereas anxiety and depression are often linked in humans. It should be noted, however, that many instances of depression are not associated with anxiety symptoms, and that CREB-family proteins may be involved in this subset of patients. Moreover, several CREB-family proteins studied thus far in the nucleus accumbens (Table 2 ) modulate anxiety-and depressionrelated behavior in opposite directions.
The transcriptional activity of ATF2, ATF3, and ATF4 has remained poorly characterized, particularly in brain. There are reports that each of these proteins can function as a transcriptional activator or repressor in various experimental systems (Hai and Hartman, 2001; Nakagomi et al., 2003) . Moreover, the degree to which the proteins regulate transcription via CRE sites is unknown. Thus, in addition to inconsistent effects on CREmediated transcription, ATF2, ATF3, and ATF4 can act on CREB-insensitive CRE-like sites (Benbrook and Jones, 1994) . The three ATFs can also dimerize with c-Jun or other bZIP transcription factors and bind to AP-1 or to CRE-AP-1 hybrid sites (Hai and Curran, 1991; De Cesare et al., 1995) . Our findings clearly establish that, within the nucleus accumbens in vivo, ATF2 Figure 6 . Effect of viral-mediated overexpression of ATF2, ATF3, or ATF4 in the nucleus accumbens on depression-related behavior. HSV vectors overexpressing GFP, ATF2, ATF3, or ATF4 were injected bilaterally in the nucleus accumbens. a-c, Effect of ATF2, ATF3, or ATF4 on latency to immobility in the forced swim test. Error bars represent mean Ϯ SEM seconds latency to immobility (1 s immobility) during a 5 min test session (n ϭ 6 -8). d-f, Total immobility time for rats overexpressing ATF2, ATF3, or ATF4 in nucleus accumbens. g-i, Effect of ATF2, ATF3, or ATF4 overexpression on sucrose preference. Data represent mean Ϯ SEM milliliter of water or 1% sucrose solution consumed over 10 min using a two-bottle choice procedure (n ϭ 5-8). Asterisks denote significant difference from HSV-GFP control. The table summarizes the behavioral effects of overexpression of each protein in the nucleus accumbens based on data, in addition to the present study, reported by Carlezon et al. (1998) , Pliakas et al. (2001) , Barrot et al. (2002) , and Green et al. (2006) . The ICER/ATF2 phenotype represents a ЉCREB antagonistЉ phenotype, because overexpression of mCREB, a dominant-negative CREB mutant, produces equivalent effects.
functions directly or indirectly as an antagonist of CRE-mediated transcription, whereas ATF3 and ATF4 function as activators of CRE-mediated transcription. These observations thereby provide novel insight to the functional activity of ATF2, ATF3, and ATF4 in the brain in vivo. Psychological stress has been linked to cellular stress and DNA damage (for review, see Gidron et al., 2006) . It is, therefore, interesting to note that restraint stress caused a nearly 20-fold increase in ATF3 mRNA levels in striatal regions, which is fivefold greater than the induction seen with a relatively high dose of amphetamine. This observation raises the possibility that stress induction of ATF3 may be mediated via activation of intracellular stress cascades as opposed to being mediated by increased dopaminergic transmission. Thus, although very high doses of methamphetamine can cause cell death via cellular stress pathways (Hebert and O'Callaghan, 2000; Jayanthi et al., 2004) , there is no evidence that the amphetamine dose used in the present experiments activates cellular stress pathways. In contrast, ATF3 is known to be induced in non-nervous tissue by nonstress-related stimuli (Cho et al., 2001) . Consequently, additional work is needed to better understand the cellular pathways through which amphetamine and stress exposures induce ATF3 in striatum.
An interesting question raised by the present studies is whether members of the CREB/ATF family regulate transcription by altering the levels of expression of other family members. There is no precedent for any of the ATFs regulating CREB expression in brain. Rather, CREB is known to induce ICER and other repressors from the crem gene, which then feed back, with some delay, to inhibit CREB-mediated transcription. There is also a precedent of ATF4 regulating gene transcription via induction of ATF3 by directly binding to and activating the atf3 gene promoter (Jiang et al., 2004) . Thus, it is conceivable that some of the effects seen for ATF4 overexpression may be mediated via ATF3. However, our data do not support this possibility, because we see progressively enhanced induction of ATF4 expression in striatum after chronic amphetamine or stress exposures, conditions where induction of ATF3 becomes desensitized. It will be interesting in future studies to determine whether CREB, ICER, and the various ATFs regulate emotional behavior, at the level of the nucleus accumbens, via the regulation of a set of common target genes.
We show that amphetamine increases ATF2 expression in striatum, and that ATF2 increases locomotor responses to amphetamine. Although hypothetical at this point, these findings raise the possibility that ATF2 induction may contribute to mechanisms for behavioral sensitization to amphetamine. Likewise, induction of ATF2 may contribute to sensitization to repeated stress exposures as well as to cross-sensitization between stress and stimulants (Covington and Miczek, 2001 ). In contrast, amphetamine increases ATF3 and ATF4 expression, which decrease behavioral responsiveness to amphetamine, suggesting that these proteins may contribute to tolerance to some amphetamine-induced behaviors (Kuo and Cheng, 2002) . What remains unknown, however, is how sustained overexpression of an ATF (i.e., via viral vectors) may be different from phasic, transient changes in expression induced by amphetamine or stress. Also requiring additional study is whether dimerization with other bZip transcription factors (e.g., c-Jun) may be different for viral versus endogenous ATF expression. Regardless, these experiments demonstrate that ATF transcription factors are capable of altering a variety of emotional behaviors when overexpressed in nucleus accumbens.
Together, findings of the present study offer novel information about the functions of ATF2, ATF3, and ATF4 in the nucleus accumbens. The expression of all three transcription factors is induced in this brain region by amphetamine or stress, and then regulate the responsiveness of the individual to these behavioral stimuli. The findings, therefore, extend the role played by CREB/ ATF family transcription factors in the reward circuits of the brain in the regulation of emotional behavior well beyond CREB itself, and demonstrate that several family members mediate distinct behavioral phenotypes at the level of this brain circuit.
